INTRODUCTION
B cell populations in humans harbor diverse B cell receptors (BCRs) that provide specific recognition and memory of antigens derived from pathogens and other sources. Upon interaction with the environment, the naïve B cell repertoire is altered by clonal expansion of antigenspecific B cells and differentiation into specialized functional subsets such as memory B cells, plasmablasts, and plasma cells. Antigen-stimulated B cells can switch their constant region isotype usage from immunoglobulin M (IgM) and IgD expressed in naïve cells to IgG, IgA, or IgE isotypes that have distinct functional effector roles such as complement activation and interaction with specific constant region receptors expressed by other leukocytes. Antigen stimulation in an appropriate setting such as the germinal center of secondary lymphoid tissues also triggers somatic hypermutation (SHM) of the antibody genes, which is required for antibody affinity maturation. Studies of early immune system development in response to microbiome formation and infectious diseases have emphasized leukocyte subset changes and serological data (1) (2) (3) (4) (5) (6) . Changes in BCR repertoires driven by environmental exposures in early life are poorly understood.
Allergic conditions such as food and respiratory allergies are increasingly common in children and are mediated by allergen-specific IgE antibodies that bind to high-affinity receptors on mast cells and basophils, sensitizing these cells to degranulate upon allergen exposure (7) (8) (9) (10) (11) . Isotype switching to IgE in humans can occur by "direct" switching from IgM-expressing B cells or by "indirect" switching in B cells that have already switched to an IgG or IgA1 isotype before switching to IgE (12, 13) . Early exposure to a broad diversity of antigens associated with pets or farm animals, or feeding with potentially allergenic foods, can be protective against allergy (14) (15) (16) . Conversely, exposure to antigens through impaired skin barrier surfaces, such as that seen with eczema, may contribute to the development of allergic disease (17, 18) . Allergen-specific IgE production is thought to be influenced by both host genetics and environmental exposures (7, 19) , but the cellular mechanisms linking environmental stimuli to IgE development are unknown. The extent of SHM in IgE may be a critical determinant in the development of allergic disease, as more mutated antibody genes often correlate with greater antigen affinity (20) . Currently, there is no consensus about the role of affinity maturation and antigen selection in IgE responses (21) (22) (23) (24) (25) (26) .
To analyze the molecular changes in BCR repertoires in young children developing under different environmental conditions, we carried out high-throughput sequencing (HTS) of Ig heavy chain (IgH) gene rearrangements of a subcohort of 51 children from the Stanford's Outcomes Research in Kids (STORK) birth cohort (Table 1 and table S1 ) (27) . IgH sequence features from yearly blood samples were correlated with clinical and epidemiological data. We propose that the generation of high-mutation IgE in infancy and early childhood provides a key mechanistic link between impaired skin barrier function and the development of pediatric allergic disease.
B cells. Figure 1B shows the time-dependent linear accumulation of SHM in antibody genes of the STORK cohort subjects over the course of 3 years in antibodies of all subclasses except for IgE. A similar pattern of progressive SHM increase was observed within individuals from whom three longitudinal samples were obtained (Fig. 1C) (28, 29) . Mutated IgM and IgD B cells reach adult SHM frequencies by 2 years of age, whereas the IgG and IgA class-switched B cells progressively gain mutations but only reach 60 to 75% of adult SHM frequencies by age 3 years. In contrast, IgE SHM percentages are highly variable between children (Fig. 1B) , although within 7 of 10 children who were sampled at three time points, progressive SHM increase is noted (Fig. 1C) . Clonality of B cells also increased with age and was significantly different between children and adults (P < 10
, two-sided Wilcoxon-MannWhitney test) (Fig. 1D ).
Children and adults show differing isotype frequencies but comparable selection for IGHV gene usage correlated with isotype genomic position Analysis of age-dependent changes in the distribution of IgG and IgA subclasses ( Fig. 2A) shows a significantly increased usage of the IgG1 and IgA1 subclasses in the STORK children (1 to 3 years) compared to the healthy adults (P < 0.001). Overall, adult controls expressed more IgG2 and IgA2 than the children, and the usage of these subclasses seems to increase with age, with the exception of IgA2 usage in the oldest age group. IgG3 and IgG4 fractions are comparable across all ages and show the lowest usage of all subclasses.
To evaluate evidence of age-associated differences in IGHV gene usage, we determined the frequency of clones using each IGHV gene for each of the isotypes. An unexpected finding was that a subset of IGHV genes was more commonly associated with isotypes that are located further downstream in the IGH locus, whereas another subset of IGHV genes showed the opposite pattern, with a progressive decrease in downstream isotypes. The same patterns were seen for both children and adults in all IGHV genes examined (Fig. 2 , B and C). Because isotype switching is irreversible and unidirectional, these patterns suggest that there is progressive selection correlated with isotype switching that favors B cells expressing certain IGHV genes (IGHV3-23,  IGHV3-21, IGHV3-7, IGHV3-48, IGHV3-30, IGHV3-11 , and IGHV3-74). In contrast, B cells expressing IGHV genes IGHV4-34, IGHV4-59, IGHV1-69, IGHV1-18, IGHV1-2, or IGHV1-46 appear to be consistently decreased in usage frequency in downstream isotypes in both children and adults. All of the IGHV genes that are favored in this selection are of the IGHV3 group, whereas those that are progressively lost with downstream isotype switching are from the IGHV1 and IGHV4 groups.
B cells specific for vaccine antigens show isotype switching and SHM accumulation To evaluate SHM and isotype data from clones specific for vaccine and pathogen-related antigens in the pediatric antibody repertoires, we generated antibody phage display libraries of single-chain variable fragment (scFv) antibodies from the first visit blood samples of two children who had received diphtheria-tetanus-pertussis (DTaP) vaccination. Phage were panned against tetanus toxoid (TT) antigen for two rounds of enrichment, then isolated as individual phage clones, sequenced, and tested by enzyme-linked immunosorbent assay (ELISA) for binding to TT (Fig. 3 and fig. S1, A and B) . Members of the TTspecific antibody clones were detected in the total IgH repertoire data from each subject. TT-binding clones included examples expressing only a single isotype category (IgM, IgA subclasses, or IgG subclasses) as well as a clone containing IgM, IgG, and IgA class-switched members. Clonal lineage trees from clones that contained multiple isotypes are shown in fig. S2 . Even the IgM-containing clones showed members that had acquired SHM, although the isotype-switched clone members generally had higher SHM frequencies than the IgM. These SHM frequencies were within the ranges observed for each of these isotypes for the total IgH repertoires from the children (Fig. 1B) .
IgM and IgD SHM frequencies are correlated with higher rates of upper respiratory infection We evaluated the IgH repertoires of the children based on two categories of infectious disease: (i) illnesses with fever, diarrhea, and/or vomiting (FDV), and (ii) upper respiratory infection (URI) defined by the presence of cold, cough, and/or ear pulling. SHM frequencies were determined from the final blood sample obtained from the child. For each category of illness, we calculated the proportion of surveyed days during which the child showed signs of illness up to the final blood sample. We observed that having a higher proportion of URI days but not FDV days correlated with more SHM in IgM and IgD subclasses (P = 0.04 and P = 0.002, respectively, with IgM adjusted R = 0.06 and IgD adjusted R = 0.16; Fig. 4, A and B) . In contrast, IgG and IgA SHM showed no relationship with infectious disease days. For both healthy children (sick for fewer than 10% of days surveyed) and those with higher frequencies of illness (sick for 10% or more of days surveyed), the SHM in IgG showed evidence of antigen-driven selection, as gauged by an excess of nonsynonymous mutations in complementaritydetermining region (CDR) sequences beyond the expected amount for random mutations in an antibody at the observed SHM frequency ( fig. S3 ).
Microbicide usage and household cleanliness affect switched isotype SHM frequencies STORK households were evaluated by investigators using a standardized scoring of cleanliness that was evaluated as the average of four main axes, scored from 0 (cleaner) to 3 (least clean): (i) floors and carpets; (ii) walls, visible furniture, and windowsills; (iii) bathroom and toilet; and (iv) kitchen. Decreased household cleanliness was associated with lower IgA2 SHM (P = 0.029) but showed no notable association with cleanliness otherwise. The overall variability in cleanliness among households was low (Fig. 5A ). Some previous reports have described an association between the use of commercial triclosan and triclocarban (TC)-containing microbicides and the development of allergic disease in children (30, 31) and in a mouse model of asthma (32) . Households in the STORK intervention had been randomized to receive either TC-containing (n = 27) or non-TC-containing (n = 22) household and personal cleaning products, as previously described (two households chose not to participate in the randomization portion of the study) (27) . Children randomized to the TC arm had higher SHM percentages in all IgG subclasses as well as in IgD (Fig. 5B ). In addition, IgE SHM was significantly higher in the non-TC group (P = 0.024) and remained significant even after removal of data from allergic children from the analyses (P = 0.046). Children randomized to the TC-using group experienced fewer days with FDV compared to children in the TCavoiding group. Randomization to TC usage did not affect the rate of URI (Fig. 5C ).
IgE SHM is significantly elevated in subjects with eczema or allergy We next evaluated SHM frequencies in each isotype for the STORK children with eczema or allergic diseases (asthma, hives, food allergy, and/or eczema diagnosed by a physician and recorded in the medical chart) compared to nonallergic children (Fig. 6 ). IgG and IgA SHM did not differ by eczema status (Fig. 6A ) or other allergies (Fig. 6B) . However, IgE SHM was elevated in subjects with eczema and/or other allergies (P = 0.030 and P = 0.017, respectively). We found that SHM in IgE showed evidence of antigen-driven selection, assessed as an excess of nonsynonymous mutations in IgE CDR sequences compared to a random mutation model without selection ( fig. S4, A and B) . In addition, IgD SHM was significantly lower in children with eczema and/or other allergies (P = 0.027). We considered whether previously described allergy-protective environmental factors might contribute to the differences in IgE SHM frequencies. Of the subjects studied here (n = 51), 16 children came from households with one or more pets (i.e., cats, dogs, other small mammals, birds, reptiles, and/or fish). We did not observe any significant difference in IgE SHM percentages between children with pets in the home and children with no pets ( fig. S5 , P = 0.213).
Isotypes expressed by other members of IgE
+ B cell clones differ between healthy and allergic subjects HTS of IgH repertoires can detect multiple B cells belonging to a clone, potentially revealing intraclonal isotype switching. We hypothesized that there might be differences in the isotypes expressed by clones containing IgE members in healthy subjects compared to eczematous or allergic children, related to the mechanism of IgE development. IgM was the most common isotype found within IgE + clonal lineages in healthy children, whereas IgA was the most common isotype within IgE + clonal lineages of those with eczema or allergic diagnoses (Fig. 7, A  and B) . We note, however, that there were also clones containing IgE and IgA in healthy children. Some representative lineage trees of clones containing IgE members are shown in fig. S6 . These data, together with the SHM frequencies measured in IgE, are consistent with healthy children more often having IgE + clone members derived from direct isotype switching, whereas eczematous or allergic individuals more often generate IgE + clone members by indirect switching, potentially from IgA1-expressing clone members.
DISCUSSION
Understanding the effects of environmental exposures on childhood immune system development has been constrained by the difficulty Fig. 3 . SHM frequencies in B cell clones with members that bind TT in antibody phage display. scFv antibody phage display libraries were generated from IgH, Igk, and Igl transcripts from subjects 2072 and 2074. Members of the TT-specific clonal lineages were identified from phage clones in the total IgH repertoire sequence datasets generated for each antibody isotype from the PBMCs of the children, and the isotype and SHM percentages in the IGHV gene of all clone members were plotted. Each dot represents a read from a TT-binding clone member, with each clone plotted in a different color.
in obtaining longitudinal blood samples from birth cohorts and the small blood volumes that can be collected. Clinical findings such as the protection from peanut allergy provided by feeding peanutcontaining food to infants in the first year of life in the LEAP trial (15, 16) and the importance of the skin barrier in preventing IgEmediated allergic sensitization (17, 18) have spurred efforts to better understand the factors influencing adaptive immunity in infants and children. We used HTS of IgH gene rearrangements to obtain detailed longitudinal data from thousands of distinct B cell clones per child, with the caveat that our data are derived entirely from peripheral blood B cells, and thus cannot address immune development in other tissue sites. From the limiting volume of blood available in each sample, we prioritized capturing full IgH repertoire data from the children rather than sorting and isolating individual subsets of B cells defined phenotypically or sorting rare antigen-specific B cells.
STORK children showed a consistent increase in SHM during the first 3 years of life for all isotypes except IgE, which showed large variation between individuals. By 3 years of age, IgG and IgA SHM reached about 60 to 75% of adult SHM frequencies, highlighting the rapid shaping of the antigen-experienced B cell repertoire during early childhood, and the limited changes during adulthood and old age. These SHM frequencies were correlated with the clonality of B cells measured in the children compared to adults, consistent with less overall accumulated antigen-driven clonal expansion in the children. Infectious diseases causing URI symptoms correlated with IgM and IgD SHM percentages, suggesting that these exposures drive SHM of antigenexperienced IgM + and/or IgD + B cells. The lack of correlation between IgG SHM and URI symptoms or IgA SHM and gastrointestinal symptoms was somewhat unexpected because these antibody subclasses are thought to play a major role in protective immunity against viruses and pathogenic bacteria. However, many other antigenic exposures occur during the first 3 years of life, so it is possible that pathogenic organisms contribute only a portion of the increases in IgG and IgA SHM. The B cell clones specific for TT that we identified by antibody phage display included not only isotype-switched examples but also clones expressing only IgM that showed a wide range of SHM frequencies, highlighting an important role for IgM in the early childhood responses to this vaccine antigen.
Other effects of selection in shaping the antibody repertoire were seen in a striking correlation between the IGHV gene usage frequency and antibody isotype subclass, when the subclasses were examined in their chromosomal ordering. V genes of the VH1 and VH4 families showed a consistent and progressive decrease in usage fraction in B cells that have switched to progressively further downstream isotypes, Fig. 6 . STORK subjects with eczema and other allergies show increased IgE SHM. IgH repertoires from children with known allergy (asthma, hives, food allergy, and/or eczema; table S2) were analyzed. In (A), subjects with and without eczema were compared (n = 14 and n = 37, respectively). In (B), subjects with any allergy (n = 17) were grouped as having allergy symptoms and compared to subjects with no allergic symptoms (n = 34). SHM for each isotype in each subject was summarized as the median SHM of reads expressed as the indicated isotype within each clone, then taking the mean SHM percentage over all clones. P values were determined using Wilcoxon-Mann-Whitney test. 
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whereas VH3 family genes showed the opposite pattern. These data suggest that class switching to downstream isotypes is coupled to progressively stronger selection for or against particular VH genes. This pattern not only was particularly clear in the infant and young child repertoires but also was readily detectable and consistent in adult specimens. Whether these changes in usage frequency are related to propensity for autoreactivity, antibody stability, or other phenotypic features of the B cells expressing these V genes will require further targeted study. Some antibody isotypes are preferentially used in responses to particular pathogens; anti-carbohydrate antibodies such as those targeting bacterial capsular antigens are often IgG2 in humans. STORK children showed increased usage of the IgG1 subclass and decreased IgG2 compared to adults, consistent with previous clinical observations of impaired responses against polysaccharide-only vaccines in infants and young children (33, 34) . The decreased fraction of IgG2 + B cells did not vary markedly between ages 1 and 3, suggesting that IgG2 + B cell frequencies increase toward adult proportions later in childhood. Previous histologic reports describe decreased marginal zone B cells, thought to produce anti-carbohydrate antibodies, in the lymph nodes and spleen of infants (33, 35) . However, although splenic marginal B cell populations increase to adult SHM frequencies by 2 years of life (33), we find that circulating IgG2 + B cells have not yet increased, indicating that this circulating B cell pool is slower to develop.
STORK children from households randomized to receive TCcontaining bactericidal products had higher antibody SHM in all IgG subclasses compared to children from non-TC households. We expected less IgG SHM in the TC group, under the simple hypothesis that the killing of environmental or pathogenic bacteria would decrease antigenic exposures. TC effects on microbiota are inconsistent in the literature: Some studies report TC perturbations of microbial communities (36), whereas others found no effect on microbial species richness or overall diversity (37) . In the full STORK cohort, children in TC households had fewer medical visits, where antibiotics were prescribed for possible or definite bacterial infection, but there was no change in infectious disease incidence (38) . In our substudy, we observed that the children from TC households had lower FDV rates but unchanged rates of URI (typically associated with viral pathogens). Increased IgG SHM in the TC group may be related to changes in commensal bacteria, giving rise to new antigenic exposures. Children in the TC group had significantly lower IgE SHM than non-TC children (P = 0.024), even when children with diagnosed allergies were removed from the analysis (n = 9 in the TC group and n = 7 in the non-TC group). Effects of TCcontaining products on rates of allergy are unresolved in the literature (30, 31, 39) .
Impaired skin barriers in infants or children with eczema or mutations in filaggrin genes are implicated in allergic sensitization to food allergens (17, 18, 40) , but the cellular mechanisms for this are unclear. We find that children with eczema and other allergic conditions have significantly elevated IgE SHM frequencies compared to healthy children (eczema-only, P = 0.03; eczema/allergy, P = 0.017). Allergenbinding IgE antibodies in allergic individuals have elevated frequencies of SHM (22, 25, 41) . IgE + B cells can be formed by isotype switching directly from IgM + precursors, or indirectly from B cells that express IgG or IgA (12, 13) . Indirect switching should produce IgE antibodies with higher SHM, as IgG and IgA1 antibodies typically have higher SHM frequencies than IgM. We find that the IgE antibodies observed in STORK children show evidence of affinity maturation. Children with eczema or allergic symptoms show greater frequencies of clones containing IgE + and IgA + members, and also have elevated frequencies of SHM in IgE, whereas nonallergic children showed higher frequencies of IgM + B cells in the same clones with IgE + members. These findings could indicate that the impaired barrier function of eczematous skin may increase the rate of B cell indirect isotype switching to IgE from precursors including IgA + B cells, yielding higher SHM in IgE + B cells. Easier access of IgE + B cells to environmental allergens through the impaired barrier of the eczematous skin could, as others have suggested, eventually contribute to allergic sensitization and the development of other allergic disease symptoms (42) (43) (44) . Oral ingestion of peanut beginning in the first year of life has been shown to protect against peanut allergy (15, 16) . Future studies should address whether oral ingestion alters the repertoires of allergen-specific IgE antibodies compared to those seen in children whose only exposure is via a disrupted skin barrier. An analysis of the IgE + B cell clones from such a study would help to clarify which of these isotype-switching and SHM phenotypes is most associated with development of symptomatic allergy in childhood.
In summary, the detailed epidemiological and clinical data gathered from the STORK birth cohort provided an opportunity to test associations between infectious disease and other environmental exposures on antibody repertoire development. IgE + B cells show elevated SHM in children with eczema, suggesting a key mechanistic link between impaired skin barrier function and IgE SHM that could contribute to allergic sensitization and disease. Replication of these results in independent and larger infant cohorts will be necessary to confirm and extend our findings and possibly reveal additional associations between childhood B cell development, environmental exposures, and protective or pathogenic humoral immune responses.
MATERIALS AND METHODS

Study design
The STORK prospective observational birth cohort study was designed to assess the effect of infectious diseases on immune system development and growth, with a nested randomized intervention of TCcontaining wash products to determine whether TCs decreased infection during the babies' first year (38) . Yearly venipuncture blood samples from healthy children of about 1 to 3 years of age were evaluated from a subset of the full STORK cohort. BCR repertoires amplified from PBMCs were analyzed with HTS, with one library generated for each isotype category (IgM, IgD, IgG, IgA, and IgE) per sample. Healthy adult blood was used as a control. Recruitment of STORK subjects, documentation of informed consent, collection of blood specimens, and experimental measurements were carried out with Institutional Review Board approval (IRB-17756) from both Stanford University and the Santa Clara Valley Medical Center. Data included assessment of household cleanliness every 4 months, illness every few weeks, and nonblinded randomized intervention of TC-containing cleaning products. Primary data are reported in data file S1.
STORK subcohort details
The multiethnic cohort of mothers and their babies was followed from the second trimester of pregnancy through the babies' third birthday (27) . Healthy women aged 18 to 42 years with single-fetus pregnancies who wished to participate were enrolled. The total number of enrolled babies was 136. Relative to the overall population of the United States, there is an overselection of Hispanic families, and families of lower socioeconomic status in the overall cohort as well as in the subcohort presented here (table S1). The only additional criterion affecting the inclusion of infants in this substudy was the willingness of families to participate in the blood-based immunological study and consent to blood collection from the infant or child. Blood was collected by venipuncture in two EDTA tubes (total of 6 to 7 ml per baby). About 1 to 2 ml of blood from each child was allocated to the present study and processed (plasma and PBMC isolation) within 24 hours of blood draw. Participants in this study were representative of the larger cohort (table S1). We included 51 children ranging in age from 49 weeks (first visit) to 160 weeks (third visit), with up to three longitudinal time points per child (blood samples, n = 93) (table S2). Blood was collected at one time point for 19 babies, two time points for 22 children, and all three time points for 10 children.
Households were visited every 4 months. At the initial household visit, the mothers were given a detailed household questionnaire including demographic information, information on household structure (including inhabitants, rooms, pets, and vermin), and indicators of socioeconomic status. Pets from subjects studied here were cats, dogs, other small mammals, birds, reptiles, and/or fish. The households with only fish as pets (n = 2) were excluded from the pet-containing group (n = 16). In addition, the households are assessed for cleanliness and given a score, which is calculated based on four axes, each scored from 0 for clean to 3 for dirty. The four axes measure cleanliness of the following: (i) floors and carpets; (ii) walls, visible furniture, and windowsills; (iii) bathroom and toilet; and (iv) kitchen. Forty-eight households were evaluated for cleanliness on all four axes, whereas 3 households were evaluated on three axes. We calculated the final score by adding the scores from the evaluation and dividing with the number of evaluated axes. Weekly automated telephone or email surveys gathered during the child's first years of life were used to assess for signs of infectious disease in the children and recorded total days per week of vomiting, fever, diarrhea, and cold/cough/ear pulling, the latter an indication of URI. If the children were reported as healthy, parents were asked about milk intake and amount of sleep to ensure that equal amounts of time were spent answering questions regardless of the child's health status. Only reported physician-diagnosed instances of eczema, hives, asthma, and food allergy were used for atopic disease classification in this study.
For the nonblinded randomized intervention of TC-containing household and personal cleaning products, 60 households were randomized to receive TC-containing and 72 households received non-TCcontaining products. In the subcohort of STORK children presented here, there were 27 TC households and 22 non-TC households.
Statistical analysis
Given the rarity of IgE + B cells in blood, we combined the sequence data from all available time points for each child for the household cleanliness and TC usage analyses (Fig. 5) , and the eczema and allergy analyses (Fig. 6 and figs. S4A and S5 ). The distribution of IgE SHM frequencies, which showed no systematic increase with age, supported the approach of combining data across all available time points for SHM analysis. For the UpSet plot, we combined clone data from all children with no allergic disease and clone data from all children with eczema or allergic disease. Graphics were produced with R (45) using the ggplot2 package (46) and UpSetR (47) . Statistical analyses were also performed using R, and P values were calculated by one-sided Wilcoxon-Mann-Whitney test or, where indicated, two-sided (using the R function wilcox.test). Box-whisker plots show median (horizontal line), interquartile range (box), and 1.5 times the interquartile range (whiskers). Linear regression lines were plotted with 95% confidence intervals calculated using the ggplot2 function stat_smooth.
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